Glycosylation and deglycosylation are impressive mechanisms that allow plants to regulate the biological activity of an array of secondary metabolites. Although glycosylation improves solubility and renders the metabolites suitable for transport and sequestration, deglycosylation activates them to carry out biological functions. Herein, we report the functional characterization of CsBGlu12, a ␤-glucosidase from Crocus sativus. CsBGlu12 has a characteristic glucoside hydrolase 1 family (␣/␤) 8 triose-phosphate isomerase (TIM) barrel structure with a highly conserved active site. In vitro enzyme activity revealed that CsBGlu12 catalyzes the hydrolysis of flavonol ␤-glucosides and cello-oligosaccharides. Site-directed mutagenesis of any of the two conserved catalytic glutamic acid residues (Glu 200 and Glu 414 ) of the active site completely abolishes the ␤-glucosidase activity. Transcript analysis revealed that Csbglu12 is highly induced in response to UV-B, dehydration, NaCl, methyl jasmonate, and abscisic acid treatments indicating its possible role in plant stress response. Transient overexpression of CsBGlu12 leads to the accumulation of antioxidant flavonols in Nicotiana benthamiana and confers tolerance to abiotic stresses. Antioxidant assays indicated that accumulation of flavonols alleviated the accretion of reactive oxygen species during abiotic stress conditions. ␤-Glucosidases are known to play a role in abiotic stresses, particularly dehydration through abscisic acid; however, their role through accumulation of reactive oxygen species (ROS) scavenging flavonols has not been established. Furthermore, only one ␤-glucosidase 12 homolog has been characterized so far. Therefore, this work presents an important report on characterization of CsBGlu12 and its role in abiotic stress through ROS scavenging. 3 The abbreviations used are: ROS, reactive oxygen species; MDA, malondialdehyde; DPPH, 2,2-diphenyl-1-picrylhydrazyl; DAB, 3,3Ј-diaminobenzidine; IPTG, or isopropyl ␤-D-thiogalactopyranoside; MeJ, methyl jasmonate; ABA, abscisic acid; qRT, quantitative RT; TIM, triose-phosphate isomerase.
Plants are sessile organisms that cannot escape their predators and the harsh environmental conditions. However, during the course of evolution, plants have learned to defend themselves and adapt to different types of biotic and abiotic stresses by synthesizing a diverse assortment of secondary metabolites. Many of these secondary metabolites are stored in inactive glycosylated forms. The glycosylation chemically stabilizes and enhances the solubility of the metabolites and renders them fit for storage in the vacuole and more so to protect the plant from the noxious effects of its own defense system (1) . These glyconjugates are activated by the hydrolysis of the ␤-glucosidic bond by a class of enzymes called ␤-glucosidases. ␤-Glucosidases (EC 3.2.1.2.1) belong to family 1 of glycoside hydrolases and perform diverse and vital functions in plants, which include, but are not limited to, the activation of lignin precursors (2) , release of glucose from oligosaccharides (3), release of phytohormones from inactive glycosides (4) , and activation of several defense compounds (5) (6) (7) (8) (9) . This process of glycosylation and deglycosylation offers an efficient mechanism that regulates the homeostasis of secondary metabolites and is not limited to plants only but extends to other domains of life like archaea, eubacteria, and animals. Furthermore, the subcellular localization, substrate specificity, and conditions under which ␤-glucosidases come into contact with their physiological substrates determine their biological role (10) and remain an area of intensive study. It is, therefore, important to deepen our knowledge on how plants regulate the individual members of ␤-glucosidases in response to developmental and environmental cues and how the released metabolites modulate the plant's physiological response.
Crocus sativus L. (Iridaceae) is a sterile triploid and vegetatively propagating plant. The dried stigmas of C. sativus form the commercial saffron. Saffron is considered as an important source of apocarotenoids and several flavonol glucosides like quercetin and kaempferol, which are considered important for its organoleptic properties (11, 12) . The flavonol glucosides may serve as a reservoir for the discharge of free aglycones, which play vital roles in defense against biotic and abiotic stresses (13) (14) (15) (16) . Although glucosyltransferases involved in the glucosylation of flavonol ␤-glucosides in Crocus and across the plant kingdom have been characterized, the ␤-glucosidases involved in their hydrolysis have not been explored.
To date, only one close homolog of Crocus ␤-glucosidase from rice (Os4Bglu12) (17) has been characterized from plant glucoside hydrolase 1 family, and only a few other have been characterized for their possible function. Although a few of these characterized ␤-glucosidases are reported to play role in abiotic stress through accumulation of abscisic acid, we for the first time report the role of ␤-glucosidase, CsBGlu12, from C. sativus in abiotic stress tolerance through accumulation of ROS 3 -scavenging flavonols. CsBGlu12 has an (␣/␤) 8 TIM barrel conformation typical of glycoside hydrolase 1 family of ␤-glucosidases. The gene exhibits higher expression in floral tissues and is regulated in a development-specific manner. The purified recombinant enzyme catalyzes the hydrolysis of cellooligosaccharide and flavonol ␤-glucoside in vitro. However, mutation of any of the two catalytic glutamic acid residues completely abolishes the CsBGlu12 activity. The transcription of Csbglu12 is highly induced in response to several abiotic stress stimuli. Moreover, transient overexpression of CsBGlu12 in Nicotiana benthamiana leads to the accumulation of antioxidant flavonols that confer tolerance to UV-B, salinity, and dehydration stresses through scavenging of ROS.
Results
Identification, Cloning, and Phylogenetic Analysis of CsBGlu12-Previously, our laboratory developed a transcriptome database from Crocus stigma and flower tissues (18) . Fifteen sequences from this database exhibited homology with plant ␤-glucosidases. Among these gene sequences, one sequence (comp32077_c0_seq1) showed higher expression in stigma, which is the main site for the synthesis of flavonoids in C. sativus. Based on its expression, the full-length gene was cloned, which was 1524 bp long, coding for 507 amino acids. The predicted molecular mass of the protein was 57.31 kDa. Theoretical isoelectric point (pI) and extinction coefficient of the deduced protein were 7.6 and 108,430 M Ϫ1 cm Ϫ1 respectively.
The phylogenetic analysis of CsBGlu12 was performed to gain insights about its evolutionary relation with ␤-glucosidase orthologs from other plants. CsBGlu12 exhibited high sequence similarity with ␤-glucosidases from Brachypodium distachyon, Oryza brachyantha, and Oryza sativus. Furthermore, CsBGlu12 and other ␤-glucosidases used in phylogenetic analysis diverged in accordance to the classification of monocots and dicots (supplemental Fig. S1 ).
CsBGlu12 Has (␤/␣) 8 TIM Barrel Conformation Typical of GH1 Family-To gain insights about the structure of CsBGlu12, a three-dimensional homology model was developed by SWISS-MODEL software with rice Os4Bglu12 as a template. The results indicated that CsBGlu12 has a characteristic (␤/␣) 8 TIM barrel conformation. Moreover, the active site of CsBGlu12 consists of evolutionarily conserved amino acids residues (His 154 , Asn 199 , Tyr 343 , Trp 463 , Glu 470 , Trp 202 , and Asp 207 ) indicative of an active ␤-glucosidase and non-con-served aglycone-binding residues (Trp 202 , Asp 207 , Asp 213 , Val 271 , Ser 281 , Trp 386 , and Leu 472 ) responsible for substrate specificity of plant ␤-glucosidases. The catalytic residues include two highly conserved glutamates Glu 200 and Glu 414 located in the characteristic and conserved peptide motifs Thr-(Phe/Leu)-Asn-Glu-Pro (T(F/L)NEP) and Tyr-Ile-Thr-Glu-Asn-Gly (YITENG) of CsBGlu12 (Fig. 1 ). These features are characteristic of many other members of the GH1 family of ␤-glucosidases (19) , and the residues are considered critical for the ␤-glucosidase activity (20, 21) .
Docking studies carried on a panel of substrates revealed that CsBGlu12 exhibits high specificity for cello-oligosaccharides and flavonol 3-O-␤-glucosides, moderate affinity for phenolic ␤-glucosides, and low affinity for coumarin and other glucosides. As representative substrates, the free energy change (⌬G) of the best pose of the enzyme-ligand complex was Ϫ8.71 and Ϫ7.62 kcal/mol for cellobiose and kaempferol 3-O-␤ glucoside, whereas the intermolecular energy was Ϫ7.01 and Ϫ6.20 kcal/ mol, respectively. The free energy change and intermolecular energy for 1-O-sinopyl-␤-D-glucose was Ϫ3.11 and Ϫ2.7 kcal/ mol, respectively. However, the free energy changes in CsBGlu12 for coumarin and other glucosides analyzed were comparatively lower. Fig. S2 ). The list of substrates used for docking analysis and their respective free energy changes are given in supplemental Table S1 .
CsBGlu12 Exhibits Higher Affinity for Flavonol ␤-Glucosides and Cello-oligosaccharides-For heterologous expression, the full-length cDNA of Csbglu12 was cloned into pGEX-4T-1 vector and expressed in Escherichia coli as a fusion protein with the N-terminal GST. The protein expression was determined at different time intervals from 0 to 8 h after induction with 1 mM IPTG at 30°C. The maximum expression of the protein was observed at 1 mM IPTG induction for 6 h at 30°C. The recombinant enzyme exhibited an apparent molecular mass of ϳ57 kDa.
To confirm the specificity, ␤-glucosidase activity of recombinant CsBGlu12 enzyme was determined against the substrates selected on the basis of docking analysis. Relative activities of CsBGlu12 were determined considering the activity of the enzyme against cellobiose as 100% ( Fig. 2) . CsBGlu12 exhibited activity against the cello-oligosaccharides, flavonoid and phenolic ␤-glucosides; however, no visible CsBGlu12 activity was observed for coumarin and other glucosides tested.
The reaction products were analyzed by thin layer chromatography (TLC) in the case of cello-oligosaccharides and by LC-MS in case of other glucosides. The TLC showed hydrolysis of cello-oligosaccharides as evident from the detection of shorter cello-oligosaccharides and glucose (Fig. 3A) . Similarly, LC-MS analysis showed product peaks P1 (m/z 285) and P2 (m/z 223) corresponding to kaempferol and sinapic acid formed by hydrolysis of substrates S1, kaempferol 3 O-␤-glucoside (m/z 447), and S2, 1-O-sinopyl-␤-D-glucose (m/z 385), respectively ( Fig. 3, B and C) .
Furthermore, kinetic parameters were determined for substrates hydrolyzed by CsBGlu12 (Table 1 and supplemental Fig.  S3 ). The enzyme showed higher affinity for cello-oligosaccha-rides and flavonol ␤-glucosides followed by phenolic ␤-glucosides. Among the cello-oligosaccharides, CsBGlu12 showed more specificity for cellobiose as depicted by its lower K m value (46.44 M) and higher catalytic efficiency (17.90 mM Ϫ1 s Ϫ1 ). Furthermore, among the flavonoid substrates tested, CsBGlu12 showed higher affinity for kaempferol 3-O-␤-glucoside (K m : 39.22 M) and quercetin 3-O-␤-glucoside (K m : 54.96 M). However, higher K m values were observed for phenolic glucosides suggesting comparatively lower affinity of the recombinant enzyme for these substrates.
CsBGlu12 Activity Is Affected by pH, Metal Ions, and Chaotropic Agents-A comparison of hydrolytic activity across a wide pH range showed that recombinant CsBGlu12 had optimal activity at pH 5.5 (supplemental Fig. S4 ). The pH optimum is characteristic of other plant ␤-glucosidases (22) . The effect of various additives, which included several metal ions and chaotropic agents on in vitro enzyme activity of recombinant CsBGlu12, was also evaluated. Most of the metal ions reduced the activity of the enzyme to the extent of 10 -98% ( Table 2 ). The highest inhibition was caused by Hg 2ϩ (10 mM) followed by Cu 2ϩ (1 mM), whereas Ca 2ϩ had minimum inhibitory effect on the in vitro enzyme activity. In comparison with the metal ions, the recombinant enzyme was comparatively less affected by chaotropic agents. In the presence of SDS (0.05%) and urea (4 mM), the enzyme activity was inhibited by 50 and 60%, respectively. However, EDTA (1 mM), the nonionic detergent Triton X-100 (1%), and reducing agent 2-mercaptoethanol (1%) had little or no effect on the enzyme activity. These observations are also in agreement with the studies carried out previously (23) .
Evolutionarily Conserved Glu 200 and Glu 414 Residues Are Critical for CsBGlu12 Activity-The catalytic residues Glu 200 and Glu 414 are highly conserved among plant ␤-glucosidases and have been considered critical for their ␤-glucosidase activity. To confirm their significance in CsBGlu12, site-directed mutagenesis of these two residues was carried out. Two single substitution mutations were developed by replacing Glu 200 and Glu 414 with Ala 200 and Ala 414 , respectively. The two mutant proteins (M1 and M2) were expressed and purified, and their activities were evaluated against cellobiose and kaempferol 3-O-␤-glucoside. No detectable ␤-glucosidase activity was observed for either of the two mutant proteins (Fig. 4A ). These results were consistent with the bioinformatic analysis of the active site of the two mutant CsBGlu12 proteins, which showed that the mutations lead to visible change in the structure of the active site of CsBGlu12 ( Fig. 4 , B-D).
CsBGlu12 Localizes to Vacuole-Subcellular localization of enzymes provides key insights about their biological functions. Prediction of subcellular localization of CsBGlu12 with PSORT indicated vacuolar and/or chloroplast location. To confirm the localization experimentally, Csbglu12 was cloned in PAM-PAT-35S-YFP vector. The fusion gene Csbglu12-YFP was introduced into onion (Allium cepa) epidermal cells by particle bombardment. Although the control YFP accumulated throughout the cell, CsBGlu12-YFP was localized in the vacuole ( Fig. 5 ).
Expression Pattern of Csbglu12 Correlated with the Accumulation of Flavonols-To gain an understanding about the biological function of Csbglu12, its expression profile was investigated in various tissues, at different developmental stages, and in response to stresses and phytohormones using qRT-PCR. Two genes (18S and GAPDH) were used independently as endogenous control to normalize the data. In both the cases, the expression pattern followed the same trend. The results obtained with 18S are presented in Fig. 6 , and those with GAPDH are given in supplemental Fig. S5 .
We observed that Csbglu12 shows relatively higher expression in stigma followed by tepal and anther; however, low transcript levels were observed in corm and leaf ( Fig. 6A ).
Because transcript levels of Csbglu12 were higher in floral tissues, the expression of Csbglu12 was examined for 4, 3, and 2 days before anthesis, on the day of anthesis, and 2 and 3 days after anthesis. The expression of Csbglu12 was observed to increase from 4 days before anthesis until the day of anthesis and then exhibited a sharp decline during post-anthesis stage of the flower development ( Fig. 6B ). In the case of stress treatments, Csbglu12 was significantly induced in response to dehydration, NaCl, and UV-B treatments. It also showed enhanced expression in response to methyl jasmonate (MeJ) and ABA treatments ( Fig. 6 , C and D).
As CsBGlu12 exhibited high affinity for flavonol ␤-glucosides, the concentrations of free (unconjugated) flavonols (quercetin and kaempferol) in different tissues and developmental stages of flower and in response to various stresses and phytohormones were estimated. The accumulation of flavonols followed a similar trend as that of Csbglu12 expression ( Fig. 6 , E and F). Thus, the expression of Csbglu12 was consistent with the deglycosylation of flavonol ␤-glucosides.
Transient Expression of CsBGlu12 in N. benthamiana Leads to Accumulation of Flavonols-To validate the role CsBGlu12 in stress, the open reading frame of Csbglu12 and mutant Csbglu12 versions (M1 and M2) were cloned in plant overexpression vector pBI121 under 35S promoter. The gene constructs pB1121-Csbglu12, pB1121-M1, and pB1121-M2 were transiently overexpressed in N. benthamiana leaves. The leaves of overexpression lines and uninoculated plants were collected after 72 h, and the expression of the transgene was estimated by semiquantitative RT-PCR. The results revealed high expression of Csbglu12 in N. benthamiana CsBGlu12 overexpression line, although no transcripts were detected in uninoculated plants (supplemental Fig. S6 ). Furthermore, CsBGlu12 activity was determined with kaempferol 3-O-␤-glucoside and cellobiose as the substrates. The ␤-glucosidase activity of the leaf extracts of overexpression lines was 4.7-and 5.2-fold higher than that of the uninoculated plants confirming the overexpression of CsBGlu12 in N. benthamiana. However, no significant differences were observed in ␤-glucosidase activity of mutant CsBGlu12 overexpression lines (M1 and M1) and uninoculated plants.
As a result of higher ␤-glucosidase activity in the CsBGlu12 overexpression line, we speculated that it may exhibit accumulation of comparatively higher concentrations of free flavonols (quercetin and kaempferol) due to hydrolysis of corresponding flavonol ␤-glucosides. Therefore, we quantified the kaempferol and quercetin contents in both uninoculated and overexpression lines (pBI121-Csbglu12, pBI121-M1, and pBI121-M2) of N. benthamiana by HPLC. Interestingly, we observed that the concentrations of unconjugated kaempferol and quercetin contents were comparatively higher (3.4-and 2.9-fold, respectively) in plants overexpressing normal CsBGlu12 as compared with those overexpressing mutant forms of protein and the uninoculated plants ( Fig. 7 , A-F).
Accumulation of Flavonols Confers Abiotic Stress Tolerance through ROS Scavenging-To evaluate the uninoculated plants and the plants transiently overexpressing normal CsBGlu12 The parameters were studied in reaction mixture containing different concentrations of the substrates (1.95-500 M). K cat was calculated assuming the molecular mass of the recombinant CsBGlu12 subunit was 57 kDa. All values are the means Ϯ S.D. of three separate preparations of the recombinant enzyme. No detectable activity was observed for coumarin, phenyethanoid, and apocarotenoid glucosides. and its two mutant forms (M1 and M2) for stress tolerance, their leaves were cut into small circular discs of equal diameter and subjected to different stress treatments in Petri plates. UV-B, dehydration, and NaCl treatments were given for 24 h. The leaf discs were collected, and total chlorophyll and MDA contents were determined (Fig. 8 ). The chlorophyll content of leaf discs of uninoculated plants and all three overexpression lines was similar under control conditions; however, under all the stresses, there was a significant decrease in chlorophyll content of uninoculated plants and the plants overexpressing mutant (M1 and M2) proteins. The plants overexpressing normal Csbglu12 gene had significantly higher chlorophyll content ( Fig. 8A ). MDA content of CsBGlu12 overexpression lines was lower than the uninoculated plants, and the plants overexpressing mutant proteins under stress conditions ( Fig. 8B ). As the soluble sugar is indicative of stress response in plants, its content in uninoculated and all the overexpression lines was determined. Under stress conditions the total soluble sugar content was higher in plants overexpressing CsBGlu12 than those of uninoculated plants and the plants overexpressing mutant proteins ( Fig. 8C ). Taken together, these results suggest that CsBGlu12 enhances tolerance to various abiotic stresses. Stress conditions may also induce expression of endogenous Csbglu12 homologs in N. benthamiana that may result in enhanced production of quercetin and kaempferol and subsequent tolerance to stress. To confirm the role of CsBGlu12 in stress tolerance, we determined quercetin and kaempferol content in uninoculated plants and CsBGlu12, M1, and M2 over-expression lines. Results indicated a significant increase in quercetin and kaempferol concentration in plants overexpressing normal CsBGlu12 only providing a strong clue that CsBGlu12 is involved in flavonol accumulation under these conditions (supplemental Fig. S7 ).
To gain insights into the underlying mechanism for abiotic stress tolerance in CsBGlu12-overexpressing lines, the radical scavenging activity of the crude leaf extract from each plant was assayed using 2,2-diphenyl-1-picrylhydrazyl (DPPH) (24) . Results revealed that the radical scavenging activity of crude leaf extracts of plants overexpressing normal CsBGlu12 protein was comparatively higher than the uninoculated plants and plants overexpressing mutant (M1 and M2) forms of proteins ( Fig. 9A ). To examine the flavonols in overexpression lines that mitigate ROS in vivo, 3,3Ј-diaminobenzidine (DAB) staining, a marker of H 2 O 2 accumulation (25) was carried out on the leaf discs of N. benthamiana plants subjected to dehydration, salt, and UV-B stress. The patterns of DAB staining revealed that higher flavonol accumulation in plants overexpressing CsB-Glu12 mitigated H 2 O 2 accumulation under abiotic stress conditions ( Fig. 9B ).
Discussion
With recent advancements in the study of plant secondary metabolism, it has become quite obvious that biosynthesis, localization, and biological activity of secondary metabolites is not only regulated at a transcriptional and post-transcriptional level but also encompasses the reversible glycosylation of these metabolites by regioselective glycosyltransferases and ␤-glucosidases. Currently, one of the major challenges in this field is to gain better understanding of how plants regulate the function of individual members of glycosyltransferase/␤-glucosidase families in distinct tissues, developmental stages, and in response to biotic and abiotic stress stimuli (26) . Plants contain a myriad of ␤-glucosidases, and it is not always clear which one is accountable for a specific function (27, 28) . Moreover, ␤-glucosidases and their substrates are compartmentalized separately and come into contact only under certain conditions. To assess their biological function, it is imperative to know about the physiological substrates of a particular ␤-glucosidase and the conditions under which they come into contact. Against this backdrop, 15 ␤-glucosidases were identified from C. sativus transcriptome (18) . Among these, Csbglu12 exhibited higher expression in stigma of the flower, the main site of biosynthesis and accumulation of many secondary metabolites in C. sativus, which include, but are not limited to, flavonols and apocarotenoids (29, 30) . Therefore, Csbglu12 was selected for further study. Crocus metabolites, particularly flavonols, like many other plant secondary metabolites are stored as glucosylated forms. Under certain conditions, ␤-glucosidases come into play and release active aglycones from their respective inactive glucosides. So far, none of the ␤-glucosidases have been isolated and characterized from C. sativus thus making it necessary to identify these enzymes, their substrate prefer-ences, and the conditions under which they perform their roles. This will enable a better understanding of the biological function of secondary metabolites of plants in general and Crocus in particular. Moreover, phylogenetic analysis of CsBGlu12 clustered it with a yet largely uncharacterized ␤-glucosidases (supplemental Fig. S1 ), making its study more important. Among very close homologs of CsBlu12, only one ␤-glucosidase (Os4BGlu12) has been characterized, but its role in planta is yet to be established (17, 31) .
CsBglu12 possesses (␤/␣) 8 TIM barrel conformation characteristic of the GH1 family of glycoside hydrolases (Fig. 1) . The active site consists of a glycone-binding pocket with highly conserved amino acid residues and non-conserved aglycone-binding pocket (Fig. 1D) . The presence of non-conserved aglyconebinding amino acid residues is considered important for the substrate specificity of ␤-glucosidases (32) . Consistent with this, many related ␤-glucosidases are often unable to catalyze the hydrolysis of closely related ␤-glucosides (33, 34) . Phylogenetic and docking analysis revealed that CsBGlu12 exhibits higher affinity for flavonoid ␤-glucosides and cello-oligosaccharides and low affinity for phenolic glucoside and other glucosides as evident from free energy change (⌬G) for the best pose of the CsBGlu12-ligand complex (supplemental Fig. S2 and supplemental Table S1 ).
Consistent with the docking analysis, recombinant CsBGlu12 exhibits higher in vitro activity against cello-oligosaccharides and flavonoid glucosides followed by phenolic glucosides. However, it was incapable of catalyzing the hydrolysis of coumarin and other glucosides ( Figs. 2 and 3) . The K cat /K m values for cello-oligosaccharides range from 10.42 Ϯ 0.3 to 17.90 Ϯ 0.3 mM Ϫ1 s Ϫ1 . The steady decrease in K cat /K m values from cellobiose to cellopentose indicates that CsBGlu12 has a higher efficiency for shorter cello-oligosaccharides, which may be explained by the presence of a short binding cleft in CsBGlu12. Similar observations were made on rice Os3BGlu6, which catalyzes hydrolysis of ␤(133)and ␤(132)-linked disaccharides more efficiently than longer oligosaccharides (35) . Furthermore, among the natural glucosides tested, the flavonol glucosides like kaempferol 3-O-␤-glucoside (K cat /K m , 18.10 mM Ϫ1 s Ϫ1 ), quercetin 3-O-␤-glucoside (K cat /K m , 17.0 mM Ϫ1 s Ϫ1 ), and naringenin 7-O-␤-glucoside (K cat /K m , 17.40 mM Ϫ1 s Ϫ1 ) are hydrolyzed more rapidly than iridin (K cat /K m , 7.70 mM Ϫ1 s Ϫ1 ) and the phenolic glucoside 1-O-sinopyl-␤-D-glucose (K cat /K m , 2.56 mM Ϫ1 s Ϫ1 ) ( Table 1 ). This suggests that kaempferol 3-O-␤-glucoside, quercetin 3-O-␤-glucoside, and naringenin 7-O-␤-glucoside may serve as hydrophobic substrates in planta. The predicted (as suggested by PSORT) and experimentally validated ( Fig. 5 ) vacuolar localization and lower optimal pH (5.5) (supplemental Fig. S4 ) of CsBGlu12 are in conformity with its substrate specificity for flavonol ␤-glucosides that are found in this compartment.
Besides the glycone-and aglycone-binding pockets, the active site of CsBGlu12 harbors two highly conserved glutamic acid residues (Glu 200 and Glu 414 ) located in the characteristic and conserved peptides Thr-(Phe/Leu)-Asn-Glu-Pro and Tyr-Ile-Thr-Glu-Asn-Gly. These two glutamic acid residues are considered critical for the catalytic activity of several plant ␤-glucosidases (36). However, the role of these residues as FIGURE 6. Expression of Csbglu12 and accumulation of unconjugated flavonols. Expression of Csbglu12 was determined using quantitative real time PCR of different tissues (A) and different developmental stages of flower (B) as follows: 4 days before anthesis (Ϫ4da; 3 days before anthesis (Ϫ3da); 2 days before anthesis (Ϫ2da); day of anthesis (da); 2 days after anthesis (ϩ2da); and 3 days after anthesis. C, hormonal treatments as follows: control (Ctrl); MeJ, 2,4-dichlorophenoxyacetic acid (2,4-D); ABA, salicylic acid (SA), and gibberellic acid (GA3). D, stress treatments as follows: sodium chloride (NaCl); ultraviolet-B (UV); methyl viologen (MV); dehydration (Dehyd); and 4°C (cold). 18S was used as endogenous control. Concentration of flavonols (Kaempferol and Quercetin) was determined in different tissues (E), different developmental stages (F), different hormonal treatments (G), and stress treatments (H). All experiments were carried out in triplicate and expressed as mean Ϯ S.D. Differences between the control and treatments were analyzed by Student's t test and considered statistically significant at *, p Ͻ 0.05. catalytic nucleophiles has not been validated in any of the CsBGlu12 orthologs from other plants. To validate the significance of these two Glu residues in the catalytic activity of CsB-Glu12, two mutant proteins, M1(E200A) and M2(E414A), were generated. It was observed that both of the mutants exhibit complete loss of activity against the tested substrates (Fig. 4A ). Our results are in agreement with studies carried out on other plant ␤-glucosidases. In cassava, cyanogenic ␤-glucosidase (36, 37) , and in Rauvolfia, strictosidine ␤-glucosidase (38), muta-tion of the catalytic Glu residues leads to complete abolishment of ␤-glucosidase activity. Homology modeling of the active site of mutant forms (M1 and M2) with rice Os4BGlu12 as a template indicates that the mutation of any of the two key Glu residues results in visible change in the architecture of the active site of CsBGlu12 which, in part, may be responsible for the abolishment of the ␤-glucosidase activity (Fig. 4,  B-D) . However, further investigations are required for confirmation. Characterization of a ␤-Glucosidase from C. sativus MARCH 17, 2017 • VOLUME 292 • NUMBER 11
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Analysis of gene expression has often been useful to gain insights about the probable function of ␤-glucosidases (28) . Expression analysis revealed that the transcription of Csbglu12 is regulated in a tissue-and development-specific manner. The transcript levels of Csbglu12 were higher in the floral tissues as compared to corm and leaf ( Fig. 6A ). Furthermore, the expression of Csbglu12 increases upto anthesis and then exhibits a sharp decline during the post-anthesis stage of floral development (Fig. 6B ). The expression of Csbglu12 was in agreement with the accumulation pattern of unconjugated flavonols (Fig.  6, E and F) , providing proof for the involvement of this enzyme in the deglycosylation process of flavonol glucosides. Furthermore, the accumulation of free and biologically active flavonols at these specific stages of floral development may be explained by the fact that flavonols are synthesized and accumulated in the floral tissues until anthesis to prevent the newly opened reproductive tissues from several biotic and abiotic stresses (39 -42) . Consequently, the expression of Csbglu12 during the anthesis stage is higher to release the active flavonols from their corresponding glucosides. Furthermore, in C. sativus, flower senescence sets in immediately after anthesis, and secondary metabolites are remobilized from the senescent flower to other plant parts especially the underground corm. During this stage, the transcript levels of Csbglu12 might be lower so as to enhance flux toward glucosylated forms of metabolites to increase their solubility and to remobilize them to other plant parts for storage (30, 43) . The expression of Csbglu12 is also induced in response to dehydration, NaCl and UV-B treatments, as well as in response to hormonal treatments like MeJ and ABA (Fig. 6, C and D) . This expression of Csbglu12 was accompanied by the concomitant increase in the accumulation of flavonols (Fig. 6, G and H) , providing a clue toward the role of this enzyme in abiotic stress. Several other ␤-glucosidases have also been found to be induced in response to stress stimuli (44, 45) .
Transient expression of CsBGlu12 leads to the accumulation of antioxidant flavonols (kaempferol and quercetin) in N. benthamiana indicating that CsBGlu12 catalyzes the hydrolysis of kaempferol-and quercetin 3-O-␤-glucoside in planta. However, no significant accumulation of flavonols was observed in N. benthamiana expressing catalytically inactive M1 and M2 proteins (Fig. 7) . Moreover, disc assays revealed that transiently overexpressing CsBGlu12 plants are more tolerant to stresses than uninoculated ones and the catalytically inactive M1 and M2 overexpression lines as was evident from higher total chlorophyll and lower MDA contents (Fig. 8, A and B) . Abiotic stresses affect photosynthetic apparatus in plants and cause reduction in chlorophyll content, which is often used as a measure of extent of stress (29) . Also, ROS generated during stress leads to membrane damage due to lipid peroxidation, and MDA is released as a by-product. Therefore, higher chlorophyll and lower MDA levels are indicators of higher stress tolerance. Soluble sugar content of transient overexpression lines was also comparatively higher under stress (Fig. 8C ). It has been reported that soluble sugars maintain high antioxidant protection, and it is one of the mechanisms in plants to cope with abiotic stress (46, 47) . Although there are a few reports about the role of ␤-glucosidases in abiotic stress, most of them suggest synthesis and accumulation of ABA as possible mechanisms. To the best of our knowledge, this work represents the first study that reports the role of ␤-glucosidase in stress through accumulation of antioxidant flavonols. Radical scavenging activity by DPPH and DAB staining revealed that crude leaf extracts of transient overexpression lines of CsBGlu12 had higher antioxidant activity than the uninoculated plants and catalytically inactive M1 and M2 overexpression lines of N. benthamiana ( Fig. 9 ). Thus, our results suggest that the stress tolerance of CsBGlu12 overexpression lines may be due to the accumulation of flavonols (kaempferol and quercetin), which are known to play key roles in abiotic stress (48) . There are many instances where kaempferol and quercetin levels were shown to increase in response to UV-B irradiation (49) . It has also been reported that a brief exposure of plants to UV-B provides a regulatory signal, eliciting the accumulation of flavonols to confer protection to UV-induced damage due to their absorption in this region (50, 51) . This is further supported by Arabidopsis thaliana tt5 and tt6 mutants that are highly sensitive to UV-B radiation due to reduced levels of UV-absorbing flavonoids (52) . Similarly, some recently carried out experiments on A. thaliana revealed that dehydration stress induced alternation in the concentration of glycosides of kaempferol and quercetin (53) . Abiotic stresses such as UV-B, salt, and dehydration cause the production of substantial amounts of ROS in plants leading to cell damage (48, 54) . Because flavonols, like quercetin and kaempferol, are good scavengers of ROS, accumulation of these compounds may explain the UV-B, dehydration, and salt stress tolerance of the transiently overexpressing CsBGlu12 N. benthamiana plants. Taken together, we conclude that CsBGlu12 deglycosylates flavonol ␤-glucosides in planta leading to the accumulation of active flavonols that confer tolerance to various abiotic stresses, one of the mechanisms of which is ROS scavenging. Moreover, during hydrolysis of these flavonol ␤-glucosides, glucose is also released, which may serve as an alternative source of energy during insufficient photosynthesis under stress.
Experimental Procedures
Plant Material and Elicitor Treatment-C. sativus L. plants were collected from an experimental farm at the Indian Institute of Integrative Medicine, Srinagar, India (longitude, 34°5Ј24ЉN; latitude, 74°47Ј24Љ and altitude 1585 m above sea level) as reported previously (11, 55) . The representative voucher specimen was submitted at the Janaki Ammal Herbarium, CSIR-IIIM, Jammu, India, under accession number 22893. For tissue and developmental stage-specific expression, samples were collected from different tissues (stigma, anther, tepal, corm, and leaf) and developmental stages. To assess the effect of stress stimuli on gene expression, C. sativus corms were grown in pots in greenhouse conditions at 26 Ϯ 2°C. Stress induction was carried out as described previously (55) . Briefly, 200 mM NaCl, 5 M methyl viologen, and 200 mM mannitol solutions were added to Crocus plants growing in separate pots after intermittent intervals for induction of salinity, oxidative and dehydration stresses, respectively. For UV stress, plants were irradiated with UV-B light of 1500 J/m 2 . Cold stress was induced by shifting the plants to 4°C. All the treatments were given for 24 h, and the plants grown under normal conditions were kept as control. For treatment with phytohormones, the plants were sprayed with 0.1 mM salicylic acid, 50 M 2,4-dichlorophenoxyacetic acid, 0.1 mM MeJ, and 0.1 mM gibberellic acid. For all these treatments, flower tissue was harvested after 24 h. All the tissue samples were frozen in liquid nitrogen and stored at Ϫ80°C for further experimental use.
RNA Isolation and cDNA Synthesis-For total RNA isolation, RNeasy isolation kit (Qiagen) was used, and the procedure was carried out according to the manufacturer's instructions. The quality of RNA samples was determined by gel electrophoresis and A 260 /A 280 ratio using a spectrophotometer. The genomic DNA contamination was removed by DNase I (Fermentas) treatment. The cDNA synthesis was done using RevertAid cDNA synthesis kit (Fermentas), and the procedure was carried out in accordance with the manufacturer's instructions.
Identification and Cloning of Csbglu12-Previously our laboratory had carried out the whole transcriptome sequencing of C. sativus (18) . From this transcriptome, we identified 15 ␤-glucosidase cDNA sequences. Of these ␤-glucosidases, Csbglu12 was selected for further study based on it higher expression in the stigma part of the flower. The full-length amplification of Csbglu12 was performed using the primers listed in supplemental Table S2 following cycling conditions: one cycle of 95°C for 3 min, 35 cycles of 94°C for 40 s, 57°C for 1 min, and 72°C for 2 min followed by a final extension of 72°C for 10 min in a thermal cycler (Applied Biosystems). The amplicon was visualized by gel electrophoresis and then purified by gel extraction kit (Qiagen). The purified amplicon was cloned in pTZ57R/T vector (Fermentas), and then transformed into E. coli DH5␣ host strain. The plasmid containing the gene was sequenced by automated DNA sequencer (Applied Biosystems). The sequence obtained was finally confirmed by NCBI Blast.
In Silico Analysis-The complete nucleotide sequence of Csbglu122 was translated using translation tool from ExPASy, and the properties of deduced amino acid sequence were predicted using ProtParam and Phobius programs. Subcellular localization was predicted by PSORT server. Secondary structure analysis was carried out by ESPript 3 software (56) . For phylogenetic analysis, sequences were recovered from the GenBank TM by BLASTp algorithm at the National Centre for Biotechnology Information (NCBI) using CsBGlu12 sequence as query. Sequences were aligned by the ClustalW program using default parameters, and the phylogenetic tree was generated using the Neighbor-Joining method by MEGA 6 software (57) . The three-dimensional structure of CsBGlu12 was created using SWISS-MODEL workspace with crystal structure of O. sativa Os4BGlu12 (Protein Data Bank code 3ptk) as template. The stereochemical analysis of the modeled protein was done using the Ramachandran plot obtained from RAMPAGE. Docking analysis was carried out on CsBGlu12 protein using DockingServer as described previously (55, 58, 59) .
Heterologous Expression and Purification of CsBGlu12-For heterologous expression of CsBGlu12, the gene was cloned in bacterial expression vector pGEX4T-1 at SalI and NotI restriction sites, and the construct was transformed into the E. coli strain BL21 (DE3). The heterologous expression was carried out as described previously (12) . Briefly, the pGEX4T-1-Csbglu122 construct was transformed into the E. coli strain BL21 (DE3) following the supplier's recommendations (Novagen, Madison, WI), and positive colonies were selected on LB media containing ampicillin (100 mg/ml). Individual positive colonies were grown overnight in 5 ml of LB, and 1% of overnight cultures was used to inoculate fresh LB, and cells were grown at 30°C until the A 600 of 0.6 -0.8 was reached. 1 mM IPTG was added to the exponentially growing cells to induce the gene expression, and 1 ml of induced cultures was harvested after every 2-h interval from 0 to 8 h. The harvested 1-ml culture samples were centrifuged at 13,000 ϫ g for 5 min at 4°C. The cells were resuspended in 1 ml of PBS buffer and disrupted by sonication on ice for a 15-to 20-s burst time period. The lysate was centrifuged at 13,000 ϫ g for 20 min at 4°C, and the supernatant was loaded on 10% SDS-polyacrylamide gel after heating the sample with 2ϫ SDS loading dye at 99°C for 10 min. For purification of the recombinant protein, transformed E. coli cells were cultured at 37°C until absorbance at 600 nm (A 600 ) was 0.5. Expression was induced by addition of 1 mM IPTG followed by incubation at 30°C for 6 h. The culture was then centrifuged at 13,000 ϫ g for 5 min at 4°C, and the cell pellet was resuspended in 1 ml of PBS buffer and lysed by 20 mM DTT and 0.2 mg/ml lysozyme followed by sonication on ice for 20 -25 s. The soluble fraction was recovered by centrifugation at 13,000 ϫ g for 20 min at 4°C and incubated overnight with glutathione-Sepharose beads (1 ml liter Ϫ1 of culture) (GE Healthcare) at 4°C. The beads were washed five times with 10 bed volumes of 1ϫ phosphate-buffered saline (PBS). The GST tag was removed by incubating with thrombin protease (Ͻ10 cleavage units/ml) at 24°C for 12 h. This was followed by centrifugation at 3500 rpm. Afterward, supernatant was collected and incubated with benzamidine-Sepharose (10 l/unit of thrombin protease) for 30 min at 24°C to remove thrombin. The cleaved protein was run on the 10% SDS-polyacrylamide gel, and concentration was determined using Bradford assay.
CsBGlu12 pH Optimum, in Vitro Enzyme Assays, and Enzyme Kinetics-The optimum pH for CsBGlu12 was determined as described previously (35) . Briefly, 1 g of enzyme was incubated in a reaction volume of 140 l containing 100 mM universal buffer (citric acid disodium hydrogen phosphate). The pH was varied from 3 to 8.5 with 0.5 pH unit increments, and 500 M cellobiose was used as substrate. The reaction was terminated by the addition of 100 l of 2 M sodium carbonate or by boiling for 5 min.
CsBGlu12 activity was determined in 100 mM sodium acetate (pH 5.), as described previously (35) . The reactions were stopped after an overnight incubation (30°C) by boiling for 5 min. The products from the reactions were spotted onto silica gel F254 plates (Merck) and run in ethyl acetate/acetic acid/ water (2:1:1, v/v) in the case of oligosaccharides and ethyl acetate/acetic acid/methanol/water (15:2:1:2, v/v) in the case of other glycosides. The thin layer chromatograms (TLC) were visualized under UV light at 254 nm and developed by dipping in 10% (v/v) sulfuric acid in methanol followed by heating at 120°C until the appearance of dark spots. Flavonol and phenolic glucosides were also analyzed by LC-MS.
Kinetic parameters were determined for substrates of interest, based on the initial relative activity assays using standard assay conditions with varied substrate concentrations (1.95-500 M). Glucose release was measured by the glucose oxidase assay to monitor hydrolysis of glucosides, as described previously (35) . The kinetic constants K m and V max values were calculated with non-linear regression analysis using GraphPad Prism 6 software. Effect of additives on enzyme activity was evaluated using a standard protocol (23) .
LC-ESI-MS Analysis-LC-MS analysis was carried as described previously (22, 60) with slight modifications using Nexera UHPLC (130 megapascals) equipped with MS-8030 (Shimadzu). Enable RP-C18 column (250 ϫ 4.6 mm, 5 m) was used for the analysis. The injection volume was 5 l and flow rate 0.3 ml/min. Peaks of the substrates and their products were detected at 360 (flavonols) and 330 nm (phenolics). Ion trap mass spectrometer interfaced with electrospray ionization was used to detect the masses of the eluted compounds and therefore identification of the peaks. Analysis was carried out in the negative ion mode. The drying gas flow was kept at 1 liter min Ϫ1 , and the nebulizer pressure was set at 35 p.s.i. Drying gas temperature was kept at 300°C and capillary voltages at 4 kV. The capillary exit of the source was tuned to Ϫ140 V, and the end plate was offset by Ϫ500 V. Eluted masses were scanned in the range 100 -1000 m/z and a maximum acquired time of 200,000 s.
Site-directed Mutagenesis-Substitutions at Glu 200 and Glu 414 with Ala 200 and Ala 414 were generated following the QuikChange protocol (Stratagene) using the Csbglu12 construct as a template. The primers used for site directed mutagenesis are given in supplemental Table 2 .
Subcellular Localization-The subcellular localization of CsBGlu12 was studied by performing transient expression assay in onion epidermal cells as described previously (11) . For this, Csbglu12 was cloned in PAM-PAT-35S to produce Csbglu12-YFP fusion protein. The fusion construct of Csb-glu12-YFP was bombarded on to the onion peels using biolistic gene delivery device PDS-1000/He (Bio-Rad). The onion peels were then incubated for 24 h and then visualized under a confocal microscope.
Expression Profiling of Csbglu12-The expression profile of Csbglu12 was studied using quantitative RT-PCR. The qRT-PCR was performed in triplicate in ABI StepOne real time (Applied Biosystems) using SYBR Green Master Mix (Fermen-tas) and gene-specific primers. The relative quantification (⌬⌬-CT) method was used to evaluate quantitative variation between the samples examined. The reaction was performed in a total volume of 20 l, which included 10 l of 2ϫ SYBR Green Master Mix, 0.2 M gene-specific primers, and 100 ng of template cDNA. The cycling conditions were 95°C for 20 s, followed by 40 cycles of 95°C for 15 s, and 58°C for 1 min. Two genes (18S and GAPDH) were used independently as endogenous controls to normalize all data.
Transient Expression in N. benthamiana-N. benthamiana plants were grown in a growth chamber set at 23-25°C under a 16-h light/8-h dark cycle. Agrobacterium tumefaciens suspension preparation and infiltrations were done as described previously (61) . A. tumefaciens strain LBA4404 containing pBI121 Csbglu12, pBI121-M1, or pBI121-M2 were cultured separately at 28°C to stationary phase in LB medium in the presence of both kanamycin (50 mg liter Ϫ1 ) and rifampicin (50 mg liter Ϫ1 ). The culture was centrifuged at 2000 ϫ g followed by resuspension of the pellet in MMA buffer to an absorbance at 600 nm (A 600 ) of 1.2 and kept at room temperature for 2-4 h. The MMA buffer consisted of 10 mM MES (pH 5.6), 10 mM MgCl 2 , and 100 mM acetosyringone. The suspensions were pressure infiltrated into 4-week-old N. benthamiana leaves using a syringe. The tissue was harvested 3 days after infiltration for further analysis.
For enzyme activity of N. benthamiana leaf tissues transiently overexpressing CsBGlu12, about 1 g of leaf tissue was chilled in 3 volumes of ice-chilled extraction buffer. The extraction buffer consisted of 100 mM sodium acetate (pH 5.5) containing 1 mM EDTA, 12 mM ␤-mercaptoethanol, and 10 mM ascorbate. The homogenate was filtered and centrifuged for 10 min at 10,000 ϫ g at 4°C. The supernatant was desalted on a PD10 column (GE Healthcare) equilibrated with the same buffer and used for CsBGlu12 assays.
Disc assay was carried out as described previously (62) . Briefly, leaf discs of equal diameter were excised from healthy and fully expanded tobacco leaves of uninoculated, M1-, M2-, and CsBGlu12-overexpressing plants using a cork borer. For inducing stress, the leaf discs were subjected to UV-B (1500 J/m 2 ), salt stress (200 mM), and dehydration stress (200 mM mannitol) for 24 h.
Estimation of Total Chlorophyll, MDA, and Soluble Sugar Content-Chlorophyll content of uninoculated and transient overexpression lines of N. benthamiana was determined according to the procedure described previously (55) . Briefly, 500 mg of leaf tissue from the plants was homogenized in 2 ml of 80% (w/v) cold acetone. The homogenate was centrifuged at 3500 ϫ g for 5 min. The supernatant was collected, and its absorbance was recorded at 663 and 645 nm with only 80% (w/v) cold acetone as blank using a Nano-Drop spectrophotometer (Thermo Fisher Scientific). The absorbance of the blank was subtracted from the absorbance of the sample, and total chlorophyll content was calculated by Equation 1, total Chl (g/gFW) ϭ 0.020A 663 ϩ 0.00802A 645 (Eq. 1)
where A 663 and A 645 are the absorbances at 663 and 645 respectively.
MDA content of the samples was determined as described previously (55) . Briefly, 500 mg of leaves were homogenized in 0.5 ml of 0.1% (w/v) trichloroacetate (TCA) and centrifuged at 10,000 ϫ g for 10 min. Afterward, 0.5 ml of the supernatant was mixed with 0.5% (w/v) thiobarbituric acid. After incubating at 95°C for 30 min, the reaction was quickly cooled on ice and centrifuged at 10,000 ϫ g for 5 min. The absorbance of the supernatant was recorded at 532 nm and corrected for nonspecific turbidity by subtracting the absorbance at 600 nm. MDA content was calculated as shown in Equation 2,
where V ϭ volume of extract and W ϭ fresh weight of sample. Total sugar content in leaf samples was estimated as described previously (63) .
Extraction and Quantification of Quercetin and Kaempferol-The tissues samples (stigma, anther, tepal, leaf, corm, and flowers of different developmental stages) of C. sativus and leaf tissue of both uninoculated and transiently overexpressing N. benthamiana lines were air dried at room temperature and crushed to fine powder. The powdered samples were serially extracted with dichloromethane/MeOH in the ratio of 1:1 (v/v). The procedure was carried out three times and each time with a fresh solvent. The filtrates of all the three extractions were combined and passed through Whatman No. 1 paper filter. The solvents were removed at 45°C under reduced pressure using a rotary evaporator (Sigma). The stock solutions (1 mg/ml) of quercetin and kaempferol along with extracts were freshly dissolved in methanol and filter sterilized with 0.25-m membrane filters (Millipore). The HPLC (Shimadzu CLASS-VP Version 6.14 SPI model) equipped with RP-18e column (E-Merck, 5 m, 4.6 ϫ 250 nm), a photodiode array detector (SPD-M10A VP model), and a pump (LC-10AT VP model) was used for the analysis of flavonols (quercetin and kaempferol). Determination of flavonol content was carried out as described previously (64). The solvent system was 97.8% (v/v H 2 O), 2% CH 3 CN, 0.2% H 3 PO 4 (A), and 97.8% (v/v CH 3 CN), 2% H 2 O, 0.2% H 3 PO 4 (B) with a gradient elution of 0 -30 min, 20% B; 30 -35 min, 45% B; 35-38 min, 55% B; 38 -40 min, 55% B; and 40 -45 min, 20% B; at a flow rate of 0.5 ml/min. Injection volume of the sample was 10 l, and the column temperature was kept at 30°C. The identification and quantification of the two flavonols were done on the basis of retention time of reference compounds. Relative contents of the two flavonols (quercetin and kaempferol) were determined and expressed as percentage peak area.
Radical Scavenging Activity Assay and DAB Staining-Radical scavenging activity was determined by DPPH method as described previously (65, 66) . Briefly, leaves of transient overexpression lines and uninoculated plants were extracted with 5 l of solvent (MeOH/H 2 O/CH 3 COOH ϭ 9:10:1) per mg of fresh weight. Afterward, 50 l of the extract was added to 450 l of DPPH and incubated at room temperature for 5 min. Finally, DPPH absorbance was measured at 517 nm. DAB staining of leaf discs was carried as described previously (25) .
Statistical Analysis-All the experiments were carried out and analyzed with three biological replicates. The values of chlorophyll, MDA, and flavonol contents were expressed as mean Ϯ S.D. Differences between the uninoculated plants and transiently overexpressing lines were analyzed using Student's t test, and statistical significance was considered at p Ͻ 0.05. 
